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SUMMARY
Subduction zone volcanism occurs due to partial melting from subducting slabs, which
generally results in high-viscosity magma containing a large amount of volatiles. Such
volcanic eruptions can form a lava dome, from which collapse events are a common and
important part of their evolution. Collapse events can have devastating consequences; in
the form of block and ash avalanche deposits, pyroclastic flows, surges and the genera-
tion of tsunamis if they enter the sea. In addition to this, once a mass of lava dome has
been removed during a collapse event, this results in a drop in pressure in the remain-
ing volatile-rich magma, which may then erupt explosively. The internal structure of a
lava dome and the extent of the surrounding carapace/talus is unknown, but likely to be
critical for hazard assessment, and is the motivation for this research. Presented is a com-
putational model for the growth and evolution of an endogenous lava dome, including
an independently deformable talus, using the Finite Element Method. Dome growth is
modelled to occur under two time-scales: continuous dome expansion via the addition of
new magma into the molten core interior, and relatively instantaneous talus readjustments
due to rockfalls and the disintegration of the solid surface. The continuous deformation
of the dome is modelled as a fluid with a yield strength in the talus region. While talus
deformation is modelled as a granular material that rests at angles below its angle of
repose. Both surfaces, dome and core/talus interface, are displaced using the level-set
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method. The model is axi-symmetric and assumes that solidification, and therefore talus
growth, occurs due to gas exsolution which promotes crystallisation, rather than from sur-
face cooling, appropriate for intermediate composition lava flows. For the purpose of this
paper we consider and apply the model to the Soufrie`re Hills Volcano, Montserrat, but
the techniques used are generic, allowing the model to be applied to other dome forming
eruptions. The model provides information on the shape of the dome, with the growth
and extent of the talus and core found to be predominantly governed by the lava extrusion
rate, degree of solidification (i.e. a solidus pressure), the friction angle associated with the
talus, and lava dome viscosity.
1 INTRODUCTION
Lava domes form when the extruded lava is so viscous that it cannot flow freely away from the vent.
Part of the natural evolution of lava domes are collapse events, that may partly or completely remove
the dome depending upon the severity of the collapse event and the physical properties of the dome.
Collapse events commonly result in the generation of pyroclastic flows, avalanches of hot rocks and
ash, that travel at hurricane speeds and can generate a tsunami when entering the sea. The most haz-
ardous events are those that remove sufficient dome material to allow rapid vesiculation (volatile loss)
of magma, either within active domes, or within magma stored at high levels in the volcanic edifice
(Calder et al. 2002; Simmons et al. 2005). This can result in energetic pyroclastic flows and ash-cloud
generating volcanic explosions; with pyroclastic flows and surges accounting for 70% of volcanic
related deaths in the last century (McGuire 1996).
Of fundamental importance to volcanology is knowing what the required conditions are for a
dome to collapse. A variety of catalysts have been proposed to explain individual collapse events, e.g.
heavy rainfall (Matthews et al. 2002; Carn et al. 2004), seismicity or internal forcing (Voight 2000),
and pressurisation (Elsworth & Voight 2001). But we have lacked a basic understanding of perhaps
the most significant influence upon dome stability; the interior structure of the dome. It has been
identified that large dome collapse events on Soufrie`re Hills Volcano (SHV), Montserrat, i.e. volumes
greater than 106m3 or with a run-out distance exceeding 3 km (Calder et al. 2002), initiated by heavy
rainfall have followed a trend of initial talus collapse through to explosive activity when the core is
exposed. The lava dome collapse event that occurred on 20th March 2000 at SHV, removing 95% of
the dome, is one of these events that has been examined in detail by Carn et al. (2004). The asbsence
of hybrid seismic signals before the collapse event suggests that the extrusion rate was not fluctuating
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(Carn et al. 2004). Instead the emergent seismic signals were from pyroclastic flows and rockfalls,
and this activity continued for 2 hours after the collapse commenced. The intiation of the collapse
event is attributed to a prolonged spell of heavy rainfall prior to the collapse event. The mechanism
for collapse is controvertial, but is thought to have started with the mechanical erosion of the talus due
to rainfall induced avalanches, that resulted in destabalising critically poised segments undermining
the dome (Carn et al. 2004). Following this the action of pressurised steam on failure surfaces, rapid
cooling, and phreatic explosions may have caused the collapse volume to increase with time (Carn et
al. 2004).
In addition to 20th March 2000, SHV has experienced other collapse events that are suspected
of originating from heavy rainfall, including: 17th September 1996, 3rd July 1998, 29th July 2001
(Carn et al. 2004), 12 - 13 July 2003 (Herd et al. 2005) and 20th May 2006 (Loughlin et al. 2007).
The largest recorded dome collapse event of any volcano in historical times was recorded on SHV
12 - 13 July 2003. This collapse event began initially in the form of talus-derived pyroclastic flows
that continued for 8.5 hours, after which the hot interior of the dome began collapsing and became
incorporated into the pyroclastic flows, a process similar to that observed during the 20th March 2000
collapse event (Carn et al. 2004; Edmonds et al. 2006). The final stage of the collapse event was in the
form of Vulcanian explosive activity.
The triggering of pyroclastic activity due to periods of intense rainfall has also been observed at
other volcanoes, including: Merapi, Indonesia; Unzen, Japan; Santiaguito, Guatemala and Mount St.
Helens, USA (Carn et al. 2004). This suggests that the structure of the dome, and specifically the
distribution of the talus, may be critical to the containment of the volatile-rich lava and for stability.
However, heavy rainfall does not always guarantee a major dome collapse event. Similar talus-derived
collapse events following heavy rainfall have occurred on previous occasions at SHV, i.e. 17 - 22nd
November 1999 and 17 - 18th December 2000 (Carn et al. 2004). But these talus-initiated collapse
events did not result in a catastrophic collapse, possibly because not enough talus was removed to
penetrate into the dome interior. This raises the question: what governs whether the collapse scar will
reach the dome core? To answer this question requires better knowledge of the interior properties of a
lava dome, as well as a rigorous stability analysis using this information. In this paper the first part of
this problem is considered by developing a lava dome model for the interior dome structure.
SHV has been erupting continuously since 1995, with two major pauses in lava extrusion, and
has produced numerous lava domes and collapse events. Early dome growth was dominated by the
extrusion of crystal-rich exogenous structures, such as spines and whalebacks, at relatively low extru-
sion rates. This period of dome growth produced relatively small but frequent dome collapse events.
However, as the eruption has progressed in time more ductile-like behaviour has been exhibited by
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the lava, with dome growth becoming predominantly dominated by lobe extrusion (Watts et al. 2002).
During lobe extrusion new magma is pushed into the molten core, expanding the lobe endogenously,
and triggering rockfalls from the head-wall. These rockfalls rarely travel far beyond the base of the
dome and most are only recorded seismically (Calder et al. 2002). The repeated process of magma
injection into the core and the disintegration of the head-wall gradually leads to the build-up of a
talus pile with a broad conical form (Watts et al. 2002). During periods of lobe activity the extrusion
rate was approximately 2 - 5 m3s−1 at SHV. Over time SHV lava dome activity has typically become
more stable, in the sense that fewer collapse events are generated during growth periods. However, this
apparent increase in dome stability has resulted in more major collapse events (Calder et al. 2005).
At the most basic level a lava dome can be divided into two units, a hot relatively intact and
malleable interior (the core), and a solidified outer region (the carapace and talus). There is likely to
be a transition zone between these units, but the exact structure is unknown. As material is extruded
into the dome interior, during endogenous dome growth, the surface region at lower pressures and
temperatures can solidify. As lava solidifies it becomes less cohesive and more frictional and can
break apart, generating debris which is deposited at the flow front. This debris build-up, the talus,
eventually enshrouds the lava dome and Figure 1 shows a schematic of the interior of a simplified
lava dome. For this paper I term the talus to be the loose brittle and frictional material that surrounds
the dome core, and the carapace to be the solidified layer of lava that is attached to the core (Fig. 1).
This is the conceptual model of dome growth used which is the basis for the computer simulations
presented here. As a consequence, this model is only suitable for considering lava dome growth that
replicates the large-scale structure and not the fine-scale detail. Spine growth is therefore not treated
in this model, which would require additional physics such as the development and evolution of shear
bands and flow discontinuities (Hale & Wadge 2008).
We consider the three-dimensional growth of an endogenous lava dome on a horizontal plane,
meaning that the dome will grow axi-symmetrically about the axis of the conduit with time. There-
fore, for computational speed we model this problem using an axi-symmetrical coordinate system and
the Finite Element Method (FEM) computational model for dome growth is developed, comprising of
talus and core components. Dome growth occurs under two time-scales: continuous dome expansion,
via the addition of new magma into the molten core interior, and relatively instantaneous talus read-
justments due to rockfalls and the disintegration of the solid surface. Because of the differences in the
time-scales of these two processes it is possible to split the model into stages, a growth stage due to the
addition of new lava, and a talus re-adjustment stage. This makes it the first of its kind to model dome
growth with an independently deformable talus. Deformation of the dome is modelled as a fluid with
a yield strength in the talus region, while talus deformation is modelled as a frictional material. The
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model equations are formulated in an Eulerian framework and the parallelised finite element based
PDE solver eScript/Finley is utilised (Gross et al. 2007). Modelling the free surface is of primary im-
portance because it is here that the talus develops and large deformations can occur, which requires a
reliable and robust technique that can cope with large deformations. For this, the level-set method, a
technique used to trace flow fronts and boundaries without distorting the model space/mesh, is utilised
(Hale et al. 2007a). Modelling the interior of the dome will constrain the extent of the talus, its thick-
ness and volume. Section 2 discusses existing models of lava stability and flow, and the significance
of the talus. Section 3 describes lava dome properties and the model development. The model results
are presented in Section 4, and Section 5 completes the paper with a discussion of this research and
highlights the significant conclusions.
2 LAVA STABILITY AND FLOW MODELS
The stability of volcanic structures is highly dependent upon the material properties and their distribu-
tion within the structure (Simmons et al. 2005). Laboratory experiments on volcanic rock samples pro-
vide strength and frictional resistance information. However, it is not possible to accurately estimate
the stability of an entire volcanic structure without extensive field assessment due to the variability and
distribution in material properties (Thomas et al. 2005). Lava domes suffer from the imminent risk of
collapse which makes field assessment very perilous and therefore not feasible. Hence, we must rely
upon simulations. However, current analogue models are unable to capture information on the interior
of the structure or replicate all the known processes (Thomas et al. 2004). Computational stability
models generally use static 1D limit equilibrium analytical techniques. Here a representative topo-
graphic cross-sectional profile and interior volcano/dome material properties are intelligently chosen
to represent the assumed conditions. From this, trial slip surfaces are postulated and the resistance
is calculated by statistics. The lack of information on the internal structure means that these stability
models may be ill-constrained and consequently poorly estimate stability. Voight et al. (2002) devel-
oped a more sophisticated two-dimensional static FEM model using several heterogeneous zones for
the volcano/dome structure. Inside each zone the local properties were chosen to be constant. This
collapse model is predominantly influenced by the assumed location of the interface between zones
and as a consequence cannot produce a convincing dome stability model.
Simmonds et al. (2005) recognised the importance of material strength distributions within a lava
dome for hazard analysis. They develop a 1D analytical dual-phase static dome stability model, that
consists of a hemispherical cohesive core of radius RC , surrounded by a hemispherical friction rind
(the talus or carapace) of radius RT . They acknowledge that without information on the internal struc-
ture of a dome, that this idealised model is over-simplified and crude. However, a dual-phase dome
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model is necessary to describe the two different modes of dome failure; when the core is penetrated
during collapse versus when it is not, which will determine whether explosive activity may occur.
Because the internal properties and structure of the dome are unknown Simmonds et al. (2005) use
rock mass strength properties for the dome core and talus derived from back-analysis by estimating
dome stability. Ultimately this means that their model does not define a rigorous method to predict the
failure mode, because determining what portions of dome growth are adding to the core and talus, and
the subsequent evolution of the dome is not possible.
Analogue models are often used to elucidate common lava flow features, including surface solid-
ification in dynamic flows (Griffiths & Fink 1993; Griffiths 2000). These models demonstrate that:
first, the shape of the lava flow is a balance between the weight of the lava pushing it radially outward
and the basal shear stresses that resist spreading (Blake1989). Second, that a range of flow regimes
are possible depending upon the rate of surface solidification and the extrusion rate (Fink & Griffiths
1990). Third, that solidification at the surface is observed to be non-uniform and controlled by tem-
perature, thermal diffusivity and the spreading rate (Lyman et al. 2005). But unfortunately, no single
analogue model can replicate all the known processes in lava.
Theoretical research into the surface properties of lava flows is limited and concentrates upon
flows constrained by a continuous rigid crust (Denlinger 1990; Hale & Wadge 2003; Iverson 1989), or
neglects the crust or talus entirely (Balmforth & Craster 2002; Dragoni et al. 2005; Hale et al. 2007a).
Dragoni et al. (2005) model the 2D shape of a lava flow front. In their model they neglects the talus,
assuming that the frictional resistance between the talus and the ground has negligible effect, incon-
sistent with geological observations. Hence when comparing model results to existing lava flows, their
model consistently underestimates the height of the flow, suggesting that talus resistance could be sig-
nificant. Iverson (1989) and Denlinger (1990) use a 1D analytical model, comprising of a pressurised
liquid core covered by a cooled solid carapace to study dome growth and deformation. They demon-
strate that for the solid carapace to present a significant resistance to flow it needs to be between 10
to 30 metres thick. This seems excessive when considering cooling alone. The thermal conductivity
of lava is very low; after one month of cooling from the air alone the solid carapace would only be
2m thick (Sparks et al. 2000). Bourgouin et al. (2007) modelled the evolution of a growing lava dome
using Iverson’s (1989) carapace growth model, showing that cooling effects are minimal and that the
thickness of the solid carapace from cooling alone is not sufficient to present significant resistance to
flow. FEM models developed prior to the research presented here by the author have either considered
a rigid attached solid carapace (Hale & Wadge 2003) or a purely Newtonian dome (Hale et al. 2007a).
Here these simplifications are relaxed to model dome growth with an independently deformable talus
whose volume and extent can vary with time.
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3 LAVA PROPERTIES AND MODEL DEVELOPMENT
To model lava dome growth, consisting of a core and talus region, the growth and evolution of two
different materials must be considered: a ductile core and a brittle solid talus. The model is initialised
with a small mound of lava above the conduit exit. The initial shape is not important because the
model will come into equilibrium after one time-step due to adjustments from the talus and for the core
region of the dome. The model, over one time-step, then proceeds to first calculate the displacement
and pressure fields of the dome material (talus and core). For this model the pressure field is then
used to calculate the extent of the talus/core within the dome, and the interface is updated. Following
this the dome is grown over one-time step using the calculated velocity field to displace the surfaces
of the dome and core. Lastly the loose fractured nature of the talus allows readjustments so that it
becomes gravitationally stable. Hence, material that is sitting on a steep slope will readjust to the
angle of repose, which entails the final stage of the model over one time-step. Figure 2 shows the
steps in the model in cartoon form. The four steps are repeated continuously to allow the lava dome
to grow in time. The level-set method is used to track the free surfaces (core and talus), with both
surfaces advected into the model space with respect to the calculated lava displacement field. The
axi-symmetric lava dome grows onto a horizontal base fed by lava from the conduit exit at a constant
extrusion rate, applied as a parabolic velocity field, and the axi-symmetric domain is shown in Figure
3.
3.1 Lava Dome Properties
Lava is a complex material, comprising of a melt component, a crystal component and volatiles. The
volume fraction of these components changes during ascent and flow, due to changes in external state
variable values such as pressure and temperature. In the model presented here, a simplified treatment
of endogenous lava dome growth is considered, by assuming that the lava dome core behaves as a
Newtonian fluid whilst the talus/carapace is non-Newtonian with a constant yield strength. Assuming
Newtonian properties for the lava dome core is primarily for simplicity, but also appropriate because
high temperatures will be maintained due to the low thermal conductivity of the lava (Sparks et al.
2000). Also, there exists evidence to show that a non-Newtonian fluid interior differs little from a
Newtonian fluid interior that is enclosed by a material with its own yield strength (Petford 2003). The
talus deforms as a cohesiveless granular material controlled by a frictional resistance which determines
the angle of repose during the gravitational adjustment stage. Values appropriate for the viscosity of
the lava in the dome at SHV range by a large amount in the available literature. For freshly extruded
highly crystalline lava the viscosity is estimated to be as high as 1013 to 1014 Pa s (Sparks et al. 2000).
Experimentally and theoretically derived values for the viscosity in the upper conduit for low extrusion
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rates is approximately 109 Pa s to 1011 Pa s (Dingwell 1995; Hale & Muhlhaus 2007; Melnik & Sparks
2005). While for higher extrusion rates the viscosity at the conduit exit can decrease to 108 Pa s due
to crystallisation kinetics (Melnik & Sparks 2005). A constant viscosity is used in the model, and for
the dome core with a viscosity ranging from 109 – 1011 Pa s, is used, while a higher or equivalent
viscosity is used for the talus region with a yield strength.
Solidification of lava is controlled by cooling and degassing induced crystallisation. Gas exsolu-
tion, or degassing, during magma ascent and flow can increase the liquidus temperature of the melt
phase due to a progressive change in chemical composition of the melt. Since crystal growth be-
gins when the temperature of the magma becomes lower than its liquidus temperature, exsolution of
volatiles can induce crystallisation (Cashman & Blundy 2002). Intermediate lava, such as the andesitic
lava of SHV, is dominated by degassing induced crystallisation with cooling being negligible during
lava dome emplacement (Sparks et al. 2000; Sparks 1997). Therefore we simplify the model by as-
suming that only degassing induced crystallisation contributes to the growth of the solid region, i.e.
the talus, and neglect cooling entirely, including at the base of the dome. Water is the primary volatile
found in the andesitic lava at SHV and it is assumed that the water content is in equilibrium with
the pressure within the dome, since the ascent rate is sufficiently slow to allow the gas phase in the
system to reach equilibrium (Couch et al. 2003; Gardner et al. 1999). Water and other gases in the
lava are assumed, for model simplicity, to experience perfect gas loss upon degassing from the melt
phase; that is, they are removed from the model space implicitly (e.g. via fractures), and thus have
no influence upon density variations. The water content, c, in the lava melt phase is given by Henry’s
solubility law, c = αS
√
P , where αS is the solubility coefficient and P is the pressure and we relate
lava solidification to the pressure using the solidus temperature:
Tsolidus = aT + bT ln(P ) + cT ln(P )
2 + dT ln(P )/P
2. (1)
Here Tsolidus is the solidus temperature in degrees Kelvin, P is the pressure in Pascals and the
coefficients, aT , bT , cT and dT are given in Table 1 (Melnik & Sparks 2005).
3.2 Characteristic time-scales
Dome growth can be considered as occurring under two time-scales: continuous dome expansion via
the addition of new magma into the molten core interior, and relatively instantaneous talus readjust-
ments due to rockfalls and the disintegration of the solid surface. These characteristic time-scales
can be evaluated by considering their physical properties. During the continuous growth of the lava
dome the characteristic time-scale is a function of the dome viscosity. Using the same argument as in
Balmforth et al., (2000) the characteristic time can be given by:
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t =
L
V
t˜, r = Lr˜, u = V u˜, (2)
where L is a horizontal length scale, the speed of the fluid is u, non-dimensionlised with V . By
defining V = ρgH3/ηL, where ρ is the density, H a characteristic thickness of the flow and η the
viscosity which assumes a balance between gravity and hydrostatic pressures, and a balance between
the horizontal pressure gradient and vertical shear in the radial direction, this results in:
t =
L2η
ρgH3
t˜. (3)
Which gives t/t˜ ∼ 5×104−5×106s, equivalent to approximately 13 hours to 57 days, depending
upon the lava viscosity considered.
The degree of magma degassing will influence the strength of the lava, with crystal-rich magma
becoming less cohesive and more frictional as it degases and cools. Values for the friction angle are
taken from the literature and given in Table 1. Rockfalls from the dome surface are comprised of a
range of sizes, from discrete blocks 20m in diameter or more, to fine ash, with the free surface the talus
being relatively mobile and exhibiting grain flow (Calder et al. 2002). Following the same argument
used in Balmforth & Kerswell (2005) the characteristic time-scale associated with granular collapse
under the influence of gravity is given by:
t =
√
HK
g cot δ
tˆ, (4)
where K is a constant coefficient that depends upon the bed angle of friction and δ is the bed
angle of friction. For the talus, the characteristic time scale can be evaluated to yield t/tˆ ∼ 0.3s.
Because of the large difference in the characteristic time-scales of these processes: malleable flow (i.e.
a characteristic time of t˜) and granular flow (i.e. a characteristic time of tˆ), it is possible to split the
dome growth model into stages, a dome growth component due to the addition of new lava, and a talus
adjustment stage.
3.3 Level Set Method
The level-set method is used to track the free-surface of the lava core and talus by advecting the
surfaces into the model space (Sethian 1999). The level-set method is used because it is particularly
well suited for multi-dimensional problems where an interface topology evolves with time, or where it
contains sharp corners and cusps. This method is found to be both robust and computationally light for
the evolution of a lava dome core (Hale et al. 2007a). The level-set method is based upon an implicit
representation of an interface by a smooth function. This function usually has the form of a signed
distance to the interface, whereby the zero value of the function represents the surface interface. The
field equations are solved on an Eulerian mesh with the value of the parameters depending upon which
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side of the interface they are located. The distance function is updated during the simulation by solving
the equation of motion using the velocity field.
3.3.1 The Algorithm
A scalar function φ is initialised on an Eulerian grid, the domain, as a “signed” distance function with
respect to the interface. The values of the parameters are then calculated, depending upon the sign of
φ. The governing equations can be solved using these parameters, resulting in a velocity field. At each
time step, the function φ must be updated, according to the velocity field. This is done by solving the
equation of motion in an Eulerian framework, also known as the “advection equation”:
∂φ
∂t
+ ~v · ∇φ = 0, (5)
where ~v is the velocity field. Special care must be taken when solving the advection equation and a
two step method based on the Taylor-Galerkin procedure is used. For a detailed presentation of this
technique and the level-set method, we refer the reader to Hale et al. (2007a).
Maintaining φ as a distance function is not generally preserved during the advection step due to
the velocity field varying spatially. However, it is necessary to keep a real distance field to compute
quantities such as the height of the functions, as well as to apply smoothing across an interface for
efficient solving. Therefore, a reinitialisation procedure that changes φ back into a distance function
ψ is required. In practice, the reinitialisation only needs to be done when φ starts losing its distance
function property by becoming distorted and the algorithm is presented in Section 3.3.2. When the
new distance function is found, the physical parameters are updated using the sign of φ. Generally, to
solve the velocity problem (see Section 3.4) with large viscosity and density ratios, the jump across
the interface must be smoothed. Consequently, the following procedure is used, for a given parameter
Q:
Q =


Q1 where ψ < −αh
Q2 where ψ > αh
(Q2 −Q1)ψ/2αh + (Q1 +Q2)/2 where |ψ| < αh,
(6)
where h is the size of the elements in the mesh and α is a smoothing parameter. This has the effect
of smoothing the physical parameters across the interface, on a band of width 2αh. For this paper, α
is taken equal to 1. The smoothing procedure prevents numerical instabilities when solving the stress
equilibrium equation.
Lava Dome Growth and Evolution with an Independently Deformable Talus 11
3.3.2 Reinitialisation
During the advection procedure, the level-set function is updated using a physical velocity field mean-
ing φ will become distorted, no longer representing a distance function. Several techniques have been
proposed to maintain the level-set function as a distance function, e.g. (Sethian & Smereka 2003). A
computationally light approach, suitable for finite elements, introduced by Sussman et al. (1994) uses
the following equation:
∂ψ
∂τ
= sign(φ)(1 − |∇ψ|), (7)
where τ is artificial time. Solving equation 7 to a steady state gives ψ∞ the same zero level set as φ
and |∇ψ∞| = 1, which in the present context, is the definition of a distance function. As proposed by
Tornberg and Engquist (2000), equation 7 can be rewritten in the form of an inhomogeneous advection
equation:
∂ψ
∂τ
+ ~w · ∇ψ = sign(φ), (8)
where:
~w = sign(φ) ∇ψ|∇ψ| . (9)
Physically, equations 8 and 9 can be interpreted as the propagation of information away from the
interface at the speed of ~w, a unit vector normal to the interface and pointing away from it. For stability
purposes, ~w is calculated at the beginning of the reinitialisation procedure using φ and is not updated
during the iterations. In practice, there is no need to solve this equation to steady state over the entire
domain as only the nodes closest to the interface are of interest for the method. Consequently, the
convergence criterion for the reinitialisation equation is considered only on a narrow band around the
interface, usually 5 elements wide.
3.4 Lava Dome Growth: Momentum Equations
The constitutive equation for a Newtonian, viscous material reads:
σ
′
ij = 2ηD
′
ij , (10)
where σ′ij is the deviatoric stress, η the viscosity, Dij = 12 (vi,j + vj,i) is the the stretching,
D
′
ij = Dij − 13Dkkδij the deviatoric stretching and δij is the Kronecker delta. Here, and for the rest
of the paper we use Einstein’s summation for tensor notation. The stress-equilibrium equations in
axi-symmetrical coordinates read:
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

(rσrr),r + rσrz,z − σθθ + rfr = 0
rσzz,z + (rσrz),r + rfz = 0,
(11)
where f is a body force and r, z and θ are the spatial axi-symmetrical coordinates.
Viscoplastic materials are fluids that exhibit a yield strength. We consider the onset of yielding, or
plastic flow, as being determined by a critical yield strength τs, of fixed magnitude for the simulations
presented in this paper. Upon yielding, a flow rule is needed to specify the plastic behaviour and a
viscoplastic formulation is implemented in our FEM code using an effective viscosity. This means
that the equations to be solved are equivalent to that of an incompressible viscous flow, the viscosity
in equation 10 being replaced by an effective viscosity:
ηeff =

 η if τ < τsτs
γ˙
if τ = τs,
(12)
where γ˙ =
√
2DijDij is the strain-rate, τ i the shear stress, and η is the original, i.e. the New-
tonian, viscosity. Everywhere within the talus domain (the only region in the model where a yield
strength is considered) the effective viscosity is calculated locally by first computing the shear stress.
If this solution is such that τ < τs, then the material behaves viscously and the effective viscosity is
actually the initial (Newtonian) viscosity. Alternatively, if the solution is such that τ ≥ τs, then the
behaviour is viscoplastic and the viscosity must be adjusted to ensure that the stress state lies on the
yield surface τ = τs. The definition of ηeff ensures that after enough iterations τs ≥ τ everywhere
within the talus, and the yield surface has been identified. The talus region of the model domain has a
Newtonian viscosity, of greater or equal magnitude to the viscosity of the core region. Therefore, the
resistance to the displacement of the core is from viscous forces, a yield strength and the weight of the
talus component. Bingham flow is a viscoelastic model commonly used in volcanolgy to describe lava
flow. Here the substance behaves in an elastic manner until the yield strength is reached, where upon it
flows viscously. To reproduce deformation somewhat analogous to Bingham flow using a viscoplastic
model, requires the viscosity within the talus region to be much higher than that used for the core
region of the dome, and the yield surface must by accessible for the part of the domain.
The magnitude of the yield strength associated with the talus is unknown, however, given the range
in sizes of rockfalls generated at the talus surface it is possible that the talus could be relatively compact
and therefore offer significant resistance to flow in the form of a viscous and/or yield strength. Values
for the cohesion at zero pressure for the talus/carapace as well as the strength of lava as taken from the
literature are given in Table 1 and these values are likely to be comparable to the yield strength in the
talus/carapace.
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The Uzawa scheme is used to solve momentum equation 10, with the secondary condition of
incompressibility, −vi,i = 0. The scheme is iterative and for a given pressure P− the momentum
equation can be used to calculate a velocity v+. The divergence of the new velocity field v+ is used to
calculate an increment ∆P for the pressure from:
1
η
∆P = ¯vi,j, (13)
and then update the pressure to a new value P+:
P+ = P− +∆P. (14)
The new pressure P+ can now be fed back into the momentum equation to get new, improved ve-
locity approximation. The full technique used to solve for the velocity and pressure fields is presented
in Gross et al. (2007). During the simulation the time increment is determined in each time step from
a Courant condition (Zienkiewicz & Taylor 2000), assuming a Courant number of 0.25.
3.5 Interface Between Core and Talus
In reality the formation of the talus is likely to be a complicated process involving magma fragmen-
tation due to fracturing, and as a consequence there are many possible options for modelling talus
formation. For the purpose of this paper we use the solidus pressure isobar (Eqn. 1) evaluated from
the momentum equations to determine when core material turns into talus. This condition is used for
two reasons. Firstly, is it well known that as magma ascends and the pressure decreases, volatiles can
be exsolved promoting crystallisation and solidification as described in Section 3.1. Therefore it can
be used to mark the transition to a solid state (Simmons et al. 2005). Secondly, this solidus transition
is relatively easy to implement computationally. However, there are a few difficulties associated with
implementing this condition. At low pressures the solidus temperature is not well defined experimen-
tally for gas-saturated magmas (Couch et al. 2003). In addition to this, lava dome forming magmas
never reach their true solidus state due to cooling in the surface region or rapid volatile loss, meaning
that crystallisation can stop. However, the magma can still be considered as being in a solid state as
opposed to that of a ductile state. Therefore the proposed mechanism of talus formation used in this pa-
per can not be considered as being unique. However, our modelling technique allows the introduction
of different mechanisms for talus formation, such as a critical tangential stress or a critical elongation
strain-rate, but these will be considered in a later paper.
The interface between the talus and lava core is thus identified using the solidus pressure isobar
(Eqn. 1) and knowledge of the existing lava dome core region. The updated lava dome core region cor-
responds to where the dome material has a pressure greater or equal to the solidus pressure and where
the dome region was originally core material. This prevents talus from converting back into core ma-
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terial if the pressure becomes greater than the solidus pressure, which would require the addition of
volatiles and latent heat. The core region can therefore grow in size during the lava dome deformation
stage, and decrease in size during the core adjustment stage. For a dynamic system the solidus pressure
or temperature is not likely to remain a constant value, but for simplicity we assume a fixed value in
the model presented here. The temperature of the magma in the SHV reservoir as determined from the
analysis of hornblende phenocrysts and associated Fe-Ti oxides (Barclay et al. 1998) is estimated to
be 830 ± 10 ◦C , at a pressure of 130 ± 25 M Pa. However, there is also evidence of localised heating.
For example, an increase in TiO2 in the outer 20-30 µm-wide rims of titanomagnetite grains suggests
temperatures of up to 900 ◦C, 60 - 70 ◦C hotter than the predicted magma storage temperature and
is attributed to latent heat release during crystal growth (Hale et al. 2007b). Considering latent heat
release we can expect temperatures to increase up to a maximum of 930 ◦C or 1200 ◦K. Since atmo-
spheric pressure is approximately 0.1 M Pa, at these temperatures we can expect a solidus pressure of
between 0.1 and 5 M Pa (Eqn. 1).
3.6 Talus Adjustment Equations
The growth and evolution of the talus for the lava dome extruded at Mount St. Helens in Washington,
U.S.A., was observed during the 1980’s (Swanson & Holcomb 1989). Talus formed primarily from
hot rockfalls from the dome surface during rapid endogenous extrusion. Only a very minor amount of
talus was generated by cold rockfalls during periods of quiet. On SHV, rockfalls as measured by the
seismic network, occurred on the high angle slopes of the surface of the growing lava dome (Calder et
al. 2005). It has been observed that the extrusion rate can be directly related to the rockfall magnitude,
meaning that more material is shed from the surface of the dome when the extrusion rate is highest
(Calder et al. 2005). Also, that the rockfalls rarely travelled further than the flanks of the talus apron
(Calder et al. 2005). These observation suggests that talus adjustments only occur when the dome is
growing, i.e. when the movement of the dome forces the talus to become gravitationally unstable and
this follows the characteristics time-scale argument presented in Section 3.2. For simplicity we assume
that the talus is always in the quasi-static regime in the model presented here, meaning that we can
neglect inertial forces and the generation of pyroclastic flows. In the quasi-static regime there are a
high concentration of particles that deform as for a frictional material, meaning that the talus can be
modelled simply using a friction angle.
We can determine the angle of the dome free-surface from the gradient of the level-set scalar
function φ that describes the talus:
tan θ =
nz
nr
where ~n = ∇φ. (15)
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Due to axi-symmetry conditions (see Figures 2 and 3), at the dome axis the free-surface angle will
be zero. Therefore we can calculate the radius Ru on the dome where the talus is unstable, i.e. where
the free-surface angle is greater than the friction angle, and readjust the talus to its angle of repose for
radii greater than Ru. For the region of the dome where the angle is less than the friction angle, the
talus shape is preserved. However, it is likely that due to lateral talus adjustments, this central region
of talus must also deform due to volume conservation, i.e. via talus moving from 0 > r < Ru to
r ≥ Ru, which can result in the core becoming exposed. The new surface of the talus must reflect this,
which is easily achieved using the level-set field because of its distance function characteristics.
3.7 Model Stages
The complete stages of the model can be summarised as follow (see Figure 2):
(i) Initialise model with lava and talus level-set height just above conduit exit.
(ii) Solve dome growth velocity and pressure field for lava dome (core and talus) using momentum
equations, Section 3.4
(iii) Calculate the region where the talus and core exists using the pressure solidus, Section 3.5 (i.e.
the carapace region is not considered in this model).
• Reinitialise the core level set function to maintain it as a smooth distance function.
(iv) Displace lava dome, core and talus, using calculated velocity field over one time-increment,
Section 3.4
• Update material properties within the domain.
• Reinitialise the talus level set function to ensure it remains a smooth distance function.
(v) Calculate talus readjustments due to gravity using the friction angle model, Section 3.6.
• Displace talus conserving volume, using level set function.
• Reinitialise the talus level set function to ensure it remains as a distance function
• Update material properties within the domain.
(vi) Output data.
(vii) End of one time step, repeat steps ii to vii.
4 RESULTS
In the simulations considered in this paper a first-order element type is used with an element spacing
of 1.5 metres in an axi-symmetric domain 180 meters high with a radial extent of 300 metres, unless
16 A.J. Hale
stated otherwise (see Fig. 2). In this section, a basic model of lava dome growth with an independently
deformable talus is presented to show how dome growth evolves in time. The model is parametrised
with values appropriate for SHV, but the results have general relevance to other volcanic systems. We
compare the lava dome with a talus model to that of a purely Newtonian lava dome model. Following
this a parameter analysis is performed to explore the parameter space and to observe how dome growth
in influenced. Finally we consider the growth of a lava dome extruded on SHV October - December
1996.
4.1 Lava Dome Growth: Reference Model
Presented are results from one model run to show how the lava dome model with an independently
deformable talus evolves with time. Figure 4 shows a time sequence of lava dome growth when using
the parameter values given in Table 2 for the reference model but with an extrusion rate of 5 m3 s−1.
At early times in the growth of the lava dome the free-surface shape is near-conical. This is due to
the lava being extruded primarily vertically and the talus adjusting to be at its angle of repose from
radii Ru close to the centre of the dome. Over time the lava dome starts to spread laterally and inflate
vertically at a reduced rate. Once this occurs it is possible for the core region to spread laterally and
exist at larger radii within the dome. Over time the dome forms a bulbous shape near the centre of the
dome, due to the vertical extrusion of lava, and at day 25 when the dome has a radius of 293 metres
the free-surface slopes at approximately 18◦ close to the central bulbous region, to approximately 7◦
along the dome surface, to the angle of repose of 40◦ at the toe of the dome.
Of perhaps greatest interest to this paper is the observation that the lava dome core spreads laterally
on top of a layer of talus, up to 24 metres thick in the simulation considered here. This is as opposed
to the core bulldozing the talus laterally, which would allow the core to make contact with the base,
i.e. the free-surface of the volcano crater. Such behaviour during dome growth could be instrumental
in destabilising the lava dome, by generating a weak layer at the base of the dome or in allowing the
core to be penetrated via rainfall induced avalanches from the talus. Figure 5 shows the evolution of
the lava dome as a series of 2D images from r=0 to the maximum radial extent of the dome. The solid
black line in the images corresponds to the solidus pressure isobar, a pressure of 0.4 M Pa in this
case (including atmospheric pressure). From the earliest stages of lava dome growth, talus develops
primarily from dome material near the centre. This is because following the talus readjustments stage,
dome growth forces lava core (primarily above the conduit exit) to pressures below the solidus pressure
which can then cause the generation of new talus. Away from the centre of the dome talus spills over
the dome surface laterally covering the core region, resulting is a larger volume of talus laterally from
the dome core than vertically above it. Very early on in the simulation the talus thickness above the
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core is approximately uniform at 13 to 17 metres, equalling the solidus pressure. However, at the end
of the simulation, after a time of 25 days, the talus thickness varies from 13 metres at the middle of
the dome to 60 metres between the end of the core and the toe of the dome.
Figure 6 shows results for the evolution of the lava dome with a talus, the same model as shown
in Figures 4 and 5, as well as results for a purely Newtonian lava dome model for comparison. The
lava dome with a talus model has the parameter values given in Table 2 for the reference model. For
the purely Newtonian lava dome model, the viscosity of the lava is 1010 Pa s and the extrusion rate is
5 m3s−1. Image a shows that the radial spread of the lava dome with a talus is initially greater due to
talus adjustments, but at all other times it is not as great as that experienced for the Newtonian lava
dome model. This effect can be attributed to the yield strength and higher viscosity associated with
the talus, confining lateral flow. Image b shows the maximum height for the two lava dome models.
The purely Newtonian lava dome model increases in height very rapidly, equilibrating at a maximum
value after some small oscillations. While, for the lava dome growth model with a talus the increase
in dome height is much slower. This is due to talus readjustments allowing lateral spread of the talus
to its angle of repose. However, the final height of the lava dome model with a talus is higher than for
that of the Newtonian model because the talus confines the lava flow laterally.
Images c and d in Figure 6 show the lava dome core maximum radius and height against the vol-
ume of the dome. The dome core essentially follows the growth of the lava dome, spreading laterally
when dome growth allow pressures to exist at greater or equal the solidus pressure. Image e shows
the fraction of lava dome core to the total lava dome volume, plotted against lava dome volume. For
this simulation the lava dome core volume increases with time to a relatively stable fraction of 0.40
of the total dome material. There exists little data to indicate what the percentage of core to talus is in
emplaced domes. However, Wadge et al. (2008) have developed and used a ground-based radar device
to image the growth of the lava dome on SHV in March/April 2006. From their observations they
estimate that growth to the core was 16%, the growth to the talus was 67% and the volume lost due to
mass-wasting (from pyroclastic flows or large rockfalls) was 17%. This observation suggests that the
talus generated can be extensive, equalling approximately 80% of the lava dome during this growth
period. Naturally, varying the magnitude of the physical parmeters in our model is likely to change the
fraction of core to dome volume and we consider this later in the paper.
Shown in Figure 6f is the pressure at the conduit exit for the lava dome model with a talus and as
a purely Newtonian fluid. For the purely Newtonian dome model the pressure at the conduit inlet is
strongly correlated with the lava dome height. While for the lava dome model with a talus the pres-
sure evolution is more complicated. Initially there is a peak in pressure due to flow being channelled
primarily vertically at the start of the simulation and the talus directly resisting this flow, increasing
18 A.J. Hale
the pressure due to its viscosity and yield strength. At later times the pressure drops because the dome
starts to spread laterally and because the talus region is no longer on the yield surface. Also plotted
in this figure is an indication of when part of the talus is on the yield surface, as shown by the dashed
line. When the dashed line is equal or close to one there are elements within the talus domain that
are on the yield surface and therefore the talus has a plastic flow component. When the dashed line
is equal to zero, no where within the talus domain are there elements on the yield surface and the
effective viscosity is equal to the Newtonian viscosity. It is observed that early on in the simulation
there are elements on the yield surface and this is reflected in the higher pressure experienced at the
conduit exit. After approximately one day after the simulation started there are only a few elements
on the yield surface and this changes the pressure field experienced at the conduit inlet. This is also
reflected in a change in the lava dome shape that is most noticeable after day 5 (when the talus region
no longer has any elements on the yield surface) and this may be considered to be a regime change in
the simulation. Before day 5 (a volume of 2.2 M m3) part of the talus region is on the yield surface
and this favours flow to be channelled vertically increasing the dome maximum height. Beyond day
5 the height of the dome does not increase (Figure 6d) and the dome spreads laterally with the talus
deformation controlled only by viscous forces and the weight of the talus. This point will be discussed
in more detail at a later stage in the paper (Section 4.2.5) when varying the yield strength used in the
model.
Figure 6 images g and h correspond to the final shape of the lava domes (Newtonian and with a
talus, respectively) when both domes have reached a radius of 298 metres. The purely Newtonian lava
dome has a much more bulbous shape near the conduit exit and the toe of the dome is curved, reflecting
the no-slip boundary condition at the base of the model. While, for the lava dome model with a talus,
the free-surface is much less steep near the dome centre, except at the toe of the dome where it slopes
at the angle of repose. The generation of talus also allows the height of the lava dome with a talus to be
higher than for the Newtonian dome model. It has previously been observed that a purely Newtonian
lava dome model generally produces a radial extent that is too large and an increase in height that is
too rapid, in addition to a dome shape that does not fit well to observational data (Balmforth et al.
2000; Hale & Wadge 2003; Huppert et al. 1982). Including a talus in lava dome growth models opens
up the parameter range that can be explored, as well as the capability of modelling more realistic lava
domes.
4.2 Parameter Analysis
We present a parameter analysis of the lava dome with a talus model. Some of the parameters are
better constrained than others as indicated by Table 1. However, a large spread of values are used that
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are appropriate for SHV for the extrusion rate, friction angle, solidus pressure, viscosity of the core
and talus yield strength as shown by Table 2. Also shown in Table 2 are the reference values used and
these are fixed in the following parameter analysis unless otherwise stated. We discuss how changes
the value of these parameters affects the model.
4.2.1 Lava Dome Extrusion Rate
Modelled is how the extrusion rate controls the extent and volume of the core/talus within the dome.
Figure 7 shows results for 4 models runs with different values of extrusion rate. The other material
properties are maintained as given in Table 2 for the reference model. Image a shows the radial spread
of the lava dome, which shows that for increasing extrusion rates the lateral spread is not as great
when plotted against dome volume. Image b shows the height of the lava dome against dome volume,
which shows that for increasing extrusion rates the maximum height of the dome increases due to
the increased pressures at the conduit exit counteracting the hydrostatic pressure head from the lava
dome height. Images c and d show results for the radial spread and height of the core within the lava
dome plotted against dome volume. Essentially the core height and radial extent are governed by the
height and radius of the lava dome. Image e shows the fraction of lava dome core to the total lava
dome volume, plotted against dome volume. Initially the percentage change in talus and core volume,
with respect to the total lava dome volume, is very similar for all the extrusion rates considered. This
initial regime corresponds to when lava is being extruded primarily vertically from the conduit exit
and experiences minimal lateral viscous (core) spread, resulting in a conical-shaped dome due to talus
adjustments. Once the lava dome starts to spread laterally, the core volume fraction can either increase
or decrease depending upon the extrusion rate. For the lowest extrusion rate modelled (1 m3s−1) the
core volume fraction increases with time to a maximum value of approximately 0.35, but equilibrates
at a lower value of 0.31 towards the end of the simulation. For extrusion rates of 3 m3s−1 and 5 m3s−1
the core volume fraction equilibrates to values of 0.38 and 0.42, respectively. While for the largest
extrusion rate considered (7 m3s−1) the volume fraction of the core increases to a final value of 0.43.
Therefore, for higher extrusion rates the lava dome core can be larger because the pressure within the
dome is higher. That is, there is a larger region of the dome at pressures above the solidus pressure and
consequently a larger core can be supported.
Calder et al. (2005) observed that for SHV more material was shed in the form of rockfalls from
the dome surface when the extrusion rate of the lava dome was highest. Our model results show that
although domes with a higher extrusion rate have a smaller talus volume fraction (Fig. 7e), the talus
volume generated in time is higher for higher extrusion rates (Fig. 7f). In addition to this, lava domes
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have a larger maximum height when emplaced at higher extrusion rates, and this can be expected to
make the rockfall activity more energetic, by providing the loose debris with a larger potential energy.
Figure 8 shows the modelled lava domes when they have reached a radius of 298 metres for
extrusion rates of 1 m3s−1, 3 m3s−1, 5 m3s−1 and 7 m3s−1. These images clearly show how a larger
core can be supported for a larger extrusion rate, which translates as a higher lava dome height. It is
also possible to observe that the talus region that slopes at the angle of repose near the toe of the lava
dome is larger for higher extrusion rates.
4.2.2 Talus Friction Angle
It can be expected that changing the friction angle will be significant for influencing the slope of the
talus, but here we consider how it affects the volume of talus and core. Figure 9 shows results for 4
model runs with friction angles varying from 30◦ to 45◦. The other material properties are maintained
as given in Table 2 for the reference model. Images a to d show the radial spread and height of the lava
dome and core. All of these results are remarkably similar given the large variation in friction angle.
This is a consequence of the relatively low lava dome height modelled, due to the low but appropriate
extrusion rate, and a high maximum radial extent of the dome. Lava domes with larger height to
radius aspects will be more strongly affected by the friction angle associated with the talus and will
be more likely to produce a significant variation in dome shape for different fraction angles as we
will show later in the paper when modelling the lava dome extruded on SHV in October to December
1996. Image e shows the fraction of lava dome core to to the total lava dome volume, plotted against
dome volume. For an increasing friction angle the dome can support a slightly larger core in these
simulations, especially at early times in the simulation. The “saw-tooth” noise experienced in image
e for the lowest friction angles is a consequence of the ability of our code to calculate when the angle
at the free-surface exceeds the friction angle. For the parameters considered in this model a lower
friction angle requires more time-steps before the talus experiences adjustments at the free-surface to
the angle of repose. Figure 9f shows the pressure experienced at the conduit inlet for all the friction
angles modelled and shows that the pressure is the same over time for all the models. Figure 9 g and h
shows the final lava domes for friction angles of 30◦ and 45◦, respectively, which show that the shape
of the lava domes are remarkably similar. This is due to the low height to radius of the lava domes
modelled, i.e. observe that the largest change between these images is at the toe of the lava dome.
4.2.3 Solidus Pressure
The solidification pressure essentially influences the thickness of the talus, the larger the solidus pres-
sure, the thicker the talus will be and is therefore likely to be related to the crystallinity of the lava.
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Figure 10 shows results for 5 model runs for solidus pressure values of 0.2 M Pa, 0.4 M Pa, 0.6M Pa,
0.8 M Pa and 1.0 M Pa including atmospheric pressure equal to 0.1 M Pa. The other material prop-
erties are given in Table 2 for the reference model. Against the volume of the growing lava dome,
the radius for all the lava domes with different solidus pressures is very similar (Fig. 10a). While the
height of the growing lava dome is enhanced for increasing solidus pressure (Fig. 10b), increasing
the dome height by approximately 17 metres, from 75 metres for a solidus pressure of 0.2 M Pa to a
height of 92 metres for a solidus pressure of 1.0 M Pa. The modelled core radius is highly dependent
upon the solidus pressure and decreases in radial extent (Fig. 10c) and maximum height (Fig. 10d) for
increasing solidus pressure.
In Figure 10e the volume fraction of core within the lava dome is plotted against lava dome vol-
ume. For the largest solidus pressure modelled (1.0 M Pa) the core is the smallest, equilibrating to
a volume fraction of approximately 0.10. While, the smallest solidus pressure modelled (0.2 M Pa)
produces the largest core volume fraction, equilibrating to a volume fraction of approximately 0.55. It
could be considered that models with a smaller solidus pressure correspond to a dome growth period in
which the extruded lava has not had time to release its volatiles and to crystallise substantially. While,
lava dome growth models with a larger solidus pressure are most appropriate for highly degassed and
crystal-rich lava. Therefore, crystal-rich extruded lava domes are more likely to have a smaller core
volume fraction, making the core less likely to be exposed during small collapse events. Dome growth
experienced from 1996 to 1999 at SHV was from crystal-rich lava with dome collapse events fre-
quently occurring but being relatively small compared to dome collapse events from phase II (late 99
- 2003) and phase III (mid 2005 - early 2007). Dome growth in models with low solidus pressures (i.e.
crystal-poor lavas) can results in a lava dome with a larger core volume fraction, which could make the
dome core susceptible to penetration during collapse events and could lead to catastrophic dome fail-
ure. Future models ultimately need to consider a time-dependent crystallinity (or solidus pressure) to
better understand the significance of this parameter on lava dome growth. Figure 10f shows the mod-
elled pressure at the conduit exit for the the different values of solidus pressure modelled. Essentially a
larger solidus pressure results in a larger initial pressure peak because there is more talus surrounding
the core and flow is being channelled primarily vertically, which promotes a larger resistance to flow
as recorded in the pressure field.
Figure 11 shows the final lava domes modelled for the 5 different values of solidus pressure when
the domes have reached a radius of 298 metres. For the model runs with a smaller solidus pressure the
surface of the dome is more bulbous near the conduit exit. While, for model runs with a higher solidus
pressure the surface of the dome is much smoother. This is because for a smaller solidus pressure the
interior structure of the dome, i.e. the core, is more closely preserved at the free-surface of the dome.
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This is observed at SHV, where for new lava dome growth the surface can be uneven and slope at
a variety of angles (Watts et al. 2002). While at later stages in the growth of the dome, the surface
can become very smooth and even, producing a near conical-shaped dome (Watts et al. 2002). The
maximum lateral extent of talus in our model varies from 40 metres for the smallest solidus pressure
to 137 metres for the largest solidus pressure modelled. The solidus pressure is therefore likely to be
very significant in terms of dome structure and ultimately for stability.
4.2.4 Core Viscosity
The viscosity is varied within the lava dome core, while maintaining the viscosity within the talus to
be 1011 Pa s. The other material properties are given in Table 2 for the reference model. For the four
different values of lava dome core viscosity, ranging from 109Pa s to 1010Pa s, the radius for all the lava
domes and core lateral extent when plotted against lava dome volume is approximately the same, and
therefore not shown. All these model runs have results that are the same as Figures 9a and c. However,
the height of the lava dome is marginally enhanced against dome volume for increasing core viscosity.
Initially the increase in dome height is very similar for all the core viscosities modelled, however
for the two lower viscosities considered, both dome models experience a peak in dome height before
falling off to slightly lower values (Fig. 12a). This is a consequence of the flow hydraulics within the
dome, such that at early times in the growth of the dome much of the lava flow is vertical as opposed
to lateral resulting in this small height oscillation. The modelled core location is dependent upon the
modelled lava dome radius and height as shown in Figure 12 b.
In Figure 12c the volume fraction of core within the lava dome is plotted against lava dome
volume. For model runs with a higher viscosity the dome has a higher height, meaning the volume
fraction of core within the dome increases for increasing core viscosity. However this increase is
only very slight, for the lowest core viscosity modelled (109 Pa s) the core equilibrates to a volume
fraction of approximately 0.37. While, the largest core viscosity modelled (1010 Pa s) produces a lava
dome core equilibrating to a volume fraction of approximately 0.40. Figure 12d) shows the modelled
pressure at the conduit exit for the the different values of core viscosity modelled which shows that
the pressure is approximately the same for all the core viscosities considered.
Figure 13 shows the lava domes modelled for the 4 different values of lava dome core viscosity
when the domes have reached a radius of 298 metres. For the model runs with the smaller core viscos-
ity, the surface of the dome is relatively flat, suggesting that large lateral spread has occurred, and this
is reflected in the core shape. While, for the model runs with a higher core viscosity, the surface of the
dome is more bulbous near the conduit exit due to the hydraulics effects, from lava being channelled
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vertically from the conduit exit. That is, a higher dome core viscosity requires a longer time before the
flow spreads laterally, which is also reflected in the core shape.
4.2.5 Talus Yield Strength
The yield strength associated with the talus is a relatively poorly constrained parameter. Previous
models have been developed that consider a talus/carapace that range from offering no resistance to
flow, to that of a rigid crust, e.g. (Denlinger 1990; Dragoni et al. 2005; Hale et al. 2007a; Hale & Wadge
2003; Iverson 1989). Analogue models show that surface solidification is important in contributing
to a yield stress, which can then significantly influence the spread of the dome (Griffiths & Fink
1993; Lyman et al. 2005). Geological observations suggest that the resistance to the dome spreading
laterally due to the talus may be significant (Watts et al. 2002), although determining the magnitude
of resistance, or even whether this resistance is viscous (i.e. strain-rate dependent) or elastic is under
debate. However, if a yield strength develops, the talus could then confine the flow laterally, favouring
central uplift.
The free surface of the talus is observed to be relatively mobile during dome growth, exhibiting
slow grain flow (Calder et al. 2002). However, below the surface, due to the range in sizes of dome
material, the talus may in some regions be congealed, due to ash peculation deep into the talus which
could then offer significant resistance to flow. Values for the cohesion of a talus as used in limit
equilibrium models suggest a range from 0.1 M Pa to 1 M Pa (Simmons et al. 2005; Voight 2000),
while crystal-rich structures extruded at SHV have been estimated to have mechanical strength in
excess of 1 M Pa (Iverson 1989; Sparks et al. 2000). In the model runs considered here the yield
strength is varied from 1 M Pa to 10 M Pa. The other material properties are maintained as: a friction
angle of 40◦, a solidus pressure of 0.4 M Pa (including atmospheric pressure), an extrusion rate of
4 m3s−1 and the viscosity in the dome core and talus is 1010 and 1011 Pa s, respectively.
The radial spread of the lava dome, the height of the lava dome, and results for the radial spread
and height of the core within the lava dome were all too similar to see any difference between the
model runs and therefore they are not presented here. For completeness, the results in Figure 9 a to
d show results that are almost indistinguishable from the results obtained for this parameter analysis.
All the model results appear to behave in a very similar way over time, however this initial conclusion
is slightly misleading as will be discussed further. Figure 14a shows the fraction of lava dome to to the
total lava dome volume, plotted against dome volume. Only at very early stage in the growth of the
lava dome does the core volume fraction depart for the different yield strengths modelled, resulting
in models with a higher yield strength having a larger core volume fraction. Figure 14b shows the
pressure at the conduit exit which shows that for a higher the yield strength, a higher initial pressure
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is experienced at the conduit exit. This is because the yield strength, as presented in the viscoplastic
model used here, essentially acts as a cap for the maximum shear stresses experienced within the lava
dome. The effective viscosity is calculated from the yield strength and this is reflected in the pressure
at the conduit inlet early on in the simulation. Figure 14c shows the final lava dome shape for one
model run.
Figure 15a to f shows results for the velocity field experienced within the lava dome and surround-
ing air over time for the two different yield strengths, 1 M Pa and 10 M Pa. Also shown in Figure 15
(image g) is an indication of when the talus is on the yield surface. When the line in Figure 15g is
equal or close to one there are elements within the talus domain that are on the yield surface. When
the line is equal to zero, no where within the talus domain is it equal to the yield surface. For the higher
yield strength the talus does not remain on the yield surface for as long as models with a lower yield
strength, and therefore the resistance to flow in the talus is only due to viscous forces and the weight
of the talus. While for a lower yield strength value, the yield surface is more easily reached for the
parameters considered and therefore the talus region enters the plastic regime for the entire duration
of the simulation. Early on in the simulation, such as at a time of 0.25 days, the flow is channelled
vertically due to the direction that magma is extruded at the conduit exit, as well as from lava behaving
plastically in the talus region above the conduit exit (Fig. 15 a and b). This effect is most pronounced
for the simulation with a lower yield strength (Fig. 15a). For example, observe the velocity field at the
dome surface above the conduit exit, which shows that the flow is channelled vertically more signifi-
cantly for the model with the lower yield strength. Flow channelling is still evident in Figure 15c and
d, 1 day after dome growth began but is not as pronounced. Again, observe the velocity field directly
above the conduit exit at the dome surface. The lava dome shape is very similar for both yield strengths
modelled, because at this time in the simulation the free-surface shape is primarily controlled by the
friction angle for the talus region, which produces a relatively conical-shaped dome. Three days after
dome growth started, evidence of flow channelling is minimal, however the process is acting within
the talus to allow the lava dome height to increase for the model run with a smaller yield strength (Fig
15 e and f).
Beyond the point where lava in the talus region can reach the yield strength (corresponding to
when the talus region no longer has elements on the yield surface, Figure 15g) this can be considered
as the point at which there is a regime change in dome growth, in the sense that the resistance to flow
is equal at all points within the talus, rather than having a weak region corresponding to where the
talus is plastic. For the modelled parameters considered here, this regime change occurs at a time of
approximately 0.7 days (0.25 M m3) for a yield strength of 10 M Pa, while for a yield strength of
1 M Pa there are always elements on the yield surface for the entire simulation. This is expressed by
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the dome spreading laterally during the growth stage when below the yield strength, and flow being
channelled vertically when the yield surface is attainable.
Figure 15h shows the lava dome height and core height for the two different yield strengths mod-
elled, plotted against dome volume, which shows a departure in the model results primarily after a time
of 0.7 days (0.25 M m3). Also, in Figures 15e and f it is possible to observe how the core is spreading
laterally more in the model with a higher yield strength, because talus deformation is primarily vis-
cous and not plastic, which changes the flow field within the dome. At day three the maximum lateral
extent of the core for a yield strength of 1 M Pa is 53 metres, while for a yield strength of 10 M Pa
the core extends to 57 metres. Also, for the lower yield strength modelled there is a larger volume
of talus below the core, due to flow channelling. The lava dome is also more conical for the smaller
yield strength modelled, giving Ru ∼ 38 metres, while the model with the higher yield strength has
Ru ∼ 43 metres. This difference is due to the extent of lateral spread of the lava dome core.
Ultimately the change in lava dome shape due to the modelled yield strength is relatively minor.
A larger effect of flow channelling would be possible when using a much higher viscosity for the talus
region and a suitably low value for the yield strength of the talus (allowing the talus to essentially
behave in an elastoviscous manner).
4.3 Comparison to Lava Dome Growth on Soufrie`re Hills Volcano, Montserrat, W.I.,
Oct.-Dec. 1996
Modelling lava dome growth at the Soufrie`re Hills Volcano, Montserrat in October to December 1996
was chosen because it represented the growth of a new dome. Dome growth began on 1st October,
two weeks following a collapse event, and was closely monitored producing one of the best sets of
dome growth data for SHV. During October to December 1996 this lava dome experienced a transition
from endogenous to exogenous growth as it grew in height beyond about 90 m, around 22 October.
After this date the dome continued to grow centrally and increase in height, but the margins of early
endogenous growth became stagnant, and subsequent growth was largely exogenous (Watts et al.
2002). The extrusion rate was relatively low initially, approximately 2.0 m3s−1, and fell to lower
values over time. On 13 December a megaspine broke through the centre of the uplifted area and
Watts et al. (2002) interpreted this as a shear-bounded intrusion that had been forced southwards from
the conduit exit and took two to three weeks to traverse the full thickness of the dome. It can be argued
that a large, mature dome at SHV is a highly compound body, whose component parts are of different
ages and at different degrees of crystallisation. However, the necessary assumption is made that it is
probably not the fine-scale detail that is driving mass flow within the dome, and therefore we can
consider this period of dome growth with our model.
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Newtonian models of lava dome growth developed by Hale and Wadge (2008) show that the height
and radial extent of the dome increases too rapidly when compared to observational data. Also that
the dome height quickly reaches a maximum and does not increase after that. Since the lava dome
with a talus model has a larger parameter space it may be a more appropriate model for such eruptive
periods. Many of the values for the parameters are poorly known, but we can constrain our model
using assumptions regarding the dome growth period and from observational evidence.
The lava dome grew primarily within the explosion crater of the 17th September collapse event
and in late November 1996 the dome talus was close to over-topping the confinement of the crater,
therefore we can assume that the dome would have suffered from minimal mass-loss (i.e. from pyro-
clastic flows) during dome growth. Watts et al (2002) note that early on in the eruption (10th October
1996) that the rubbly carapace was only a few metres thick, suggesting a relatively small solidus pres-
sure. A carapace with a thickness of 10 metres is equivalent to a solidus pressure of approximately
0.2 M Pa when considering gravity and atmospheric pressure alone. Observational data obtained of
the growing lava dome is shown in Figure 16 and from this it is possible to fit a best-fit curve for the
inferred extrusion rate, Q. The time-dependent function used in the model is:
Q = 1.693 exp−0.03td, (16)
where td is the time in days (Fig. 16b).
For SHV the morphology of the dome exhibits a high degree of correlation with the lava extrusion
rate (Watts et al. 2002). At the lowest extrusion rates the extruded lava is highly crystalline due to
crystal growth in the upper conduit which translates as a high viscosity and the formation of crystal-
rich structures. In the SHV reservoir the crystal content is inferred to be approximately 60% (Sparks
et al. 2000) and therefore the extruded lava is always going to have a relatively high crystal content.
Lavalle´e et al. (2007) performed parallel plate experiments on natural, crystal-rich lava samples to
evaluate their effective viscosity at eruptive temperatures. They find that for crystal-rich lavas (50% -
80% vol.) the rheological regime is primarily dictated by the crystal phase and calculate an effective
viscoity ranging from 109 to 1012 Pa s at moderate strain-rates. The yield strength is perhaps the most
poorly constrained parameter. Essentially it will govern whether flow channelling can occur or not.
We fix this value to be 5 M Pa for all the models considered in this section without available estimates
for this parameter value. Surrounding the lava dome core is the apron of talus that forms at an angle
of repose that varies between approximately 33◦ to 42◦ for SHV (Wadge et al. 2008).
We have solved a range of models for a variety of parameter values and Figure 17 shows a few of
the results. The solidus pressure is 0.4 M Pa (including atmospheric pressure) and the yield strength
is 5 M Pa for all the models. Image a shows the maximum radius of the lava dome plotted against the
dome volume along with the observational data, which shows that this model can produce a relatively
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good fit to the observational data when using a high viscosity for the dome core. However, results for
the height of the growing lava dome do not fit as well to the observational data set (Fig. 17b) with
the height of the lava dome increasing, before decreasing at later times reflecting the drop in extrusion
rate. Figure 17c shows the volume fraction of core within the lava dome, which shows that it can vary
by a large amount (a final fractional volume of 0.35 to 0.50 for the parameters considered). Figure
17d shows the pressure at the conduit inlet as well as an indication of when the dome is behaving
plastically in the talus region, as shown by the dashed line which indicates that part of the talus is on
the yield surface when it is equal to one. For all the models considered the pressure at conduit exit
decreases with time very early on in the simulation due to the decreasing extrusion rate. However in
reality this is unlikely to be happening. The pressure is most likely to increase (due to the height of
the dome increasing the pressure head at the conduit exit) or stay approximately constant. Therefore,
in reality, what is probably happening is that the viscosity is increasing due to crystal growth which
promotes a higher viscosity and this causes the drop in extrusion rate (Melnik & Sparks 2005; Hale &
Wadge 2008).
Therefore a model considered next is one in which the viscosity of the lava dome, core and talus,
increases with time to reflect the growth of crystals. There are numerous models that can be used to
describe crystal growth and the corresponding increase in viscosity (Couch et al. 2003; Hort 1998;
Melnik & Sparks 2005), however for simplicity it is assumed that the viscosity increases linearly with
time. All the models start with a dome core and talus viscosity of 109 Pa s and 1010 Pa s, respec-
tively. The viscosity of the core is then increased linearly to final values of 1011 Pa s, 2×1011 Pa s,
5×1011 Pa s and 1012 Pa s, at day 62 when the simulation is stopped. The talus viscosity is also in-
creased linearly so that it remains one order of magnitude higher than the viscosity of the lava dome
core.
Figure 18 shows results from the lava dome model with a talus for a linearly increasing core/talus
viscosity with time. Images a and b shows that the best-fit results for the dome radius and maximum
height with volume, are for when the lava dome viscosity increases to the largest values. Image c
shows the volume fraction of lava dome core to total volume, plotted against dome volume. The final
volume fraction of the core varies from 0.37 to 0.45 for the different final viscosities considered. Larger
final core viscosities produce a smaller core volume because more lava is being channelled vertically,
which prevents as much lateral spread, requiring the lava dome to adjust substantially during the talus
adjustment phase. The pressure at the conduit inlet is shown in Figure 18d, which shows that the
models experience a peak in pressure between a volume of 2.5 and 3.0 million cubic metres. The
pressure at the conduit inlet can be very high, especially for models with high final viscosities. The
pressure due to gravity alone when the dome has reached a height of 120 metres is approximately
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3 M Pa, therefore the model using the highest increase in viscosity may require an unrealistically high
pressures.
Figure 19, images a to e, show final lava dome shapes at a time of 62 days after this eruption
period began. The approximate height and radius of the observed lava dome at SHV on this date was
120 metres and 150 metres respectively. Images a to e show how the final lava dome shape changes
for the value of the parameters chosen. When using a higher viscosity, or growing a lava dome with
a high linear increase in viscosity, the dome shape is more conical. Figure 19f shows a photo of the
lava dome extruded on Soufrie`re Hills Volcano in late October 1996. At this point in time the lava
dome had a relatively bulbous shape, however Figures 15b and 17a in Watts et al (2002) show that by
early December 1999 the lava dome had become surrounded by a thick layer of talus. The shape of
the lava dome was not conical, instead having a relatively large flat region in the centre of the dome
estimated to be approximately 40 metres in radius, surrounded by talus that sloped at between 33 and
42 ◦ (Wadge et al. 2008). The shape of the SHV Oct. - Dec. 1996 lava dome suggests that the viscosity
within the lava dome in December 1996 may have been relatively high (approximately 5×1011 Pa s to
1012 Pa s) when compared to our model results.
In Figure 20 we consider the growth of the lava dome on SHV using two different friction angles,
35◦ and 45◦ to observe the change in lava dome shape. Figures 20a and b show the modelled lava
dome height and radius against lava dome volume. These results suggest that decreasing the friction
angle acts to increase the radial extent of the lava dome as well as decrease the height of the lava dome,
when plotted against lava dome volume. Due to the relatively large dome height to radial extent the
friction angle has a significant affect upon the dome free-surface shape and interior properties. The
fraction of the lava dome core volume to total dome volume is plotted in Figure 20c which shows that
the largest core attainable is with the largest friction angle. However for all the models considered the
final core volume fraction can vary from approximately 0.25 to 0.40. Figure 20d shows the pressure
experienced at the conduit exit. The images of the final lava dome shape in Figure 20e and f, and
Figure 19e suggests that models with a smaller friction angle have a more conical shape for the other
parameter used in this model. Visually the model runs with the higher friction angle compare better
with the observational evidence presented in Watts et al., (2002). For all the model results presented
in this section the height of the lava dome reaches a maximum value or decreases at later times in the
simulation. This is at odds to the observational data, which suggests that the dome increases in height
with time. This discrepancy is due to the model overestimating the lateral spread, possibly due to an
ill-constrained yield strength, and may also be related to the assumption of a perfectly horizontal lava
dome base being inappropriate.
Lava dome growth is inherently three-dimensional. While it is appropriate to approximate dome
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growth as axi-symmetrical during its early stages, at later times dome growth will be influenced by
the surrounding topology. One affect not considered in this paper is that the lava dome extruded on
SHV Oct. - Dec. 1996 had its lateral spread constrained by the earlier dome remnants after approxi-
mately 18th October, which is likely to influence the internal flow dynamics. Ultimately, fully three-
dimensional models that consider a non-horizontal topology of the dome base are required to better
understand dome growth and their interior structure.
5 DISCUSSION
A model has been developed for simplified lava dome growth that includes an independently de-
formable talus component, for a first look into the effects of a talus apron upon lava dome growth
and structure. This model differs significantly from previous purely Newtonian models of lava dome
growth by modelling the talus with mechanical properties significantly different to the molten core
and as an independently deformable object. This allows a technique to model the interior structure of
the lava dome and we present our most significant observations from the model in bullet form below,
before discussing implications for dome growth and stability when considering the dome structure.
• The lava dome core is observed to grow and spread laterally upon a layer of talus within the lava
dome in our model. This is due to the boundary condition of no-slip applied to the base of the dome,
meaning that lateral spread is largest at heights above the base of the dome, resulting in core overriding
the talus. Also, when the talus is on the yield surface there is minimal lateral bulldozing of the core.
This means that the dome structure could be destabilised via this weaker layer of talus at the base of
the dome, or from the removal of the talus near the dome toe via rainfall induced avalanches.
• The talus is thicker near the toe of the dome than at the centre of the lava dome. This is due to
growth adjustments of the dome, forcing regions of core primarily at the centre of the dome to below
the solidus pressure, which promotes talus generation that can be distributed along the free-surface at
or below the angle of repose.
• A larger lava dome core can be generated for higher extrusion rates. However, the talus generated
in time is higher for models with a larger extrusion rate.
• For low height to radius aspect domes the friction angle has little impact upon the lava dome
shape, except near the toe of the dome. However, for larger height to radius domes the friction angle is
very significant for determining the free-surface shape of the lava dome, as well as the volume fraction
of the core.
• The volume of talus within a lava dome can be extensive, from 45% to 90%, as considered in the
model presented in this paper. Wadge et al., (2008) estimate that during March/April 2006 the growth
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to the SHV lava come comprised of 16% to the core, 67% to the talus and 17% was lost due to mass
wasting. This observation suggests that the talus can be extensive, equalling approximately 80% of the
lava dome during this growth period.
• The magnitude of the solidus pressure can be considered as being related to the degree of solid-
ification of the extruded lava. The greater amount of solidified lava extruded before a malleable core
can be supported, the higher the solidus pressure value. Therefore lava domes grown during periods
when the extruded lava is crystal-rich (i.e. phase I at SHV) produce relatively small cores within the
dome. While lava domes formed during crystal-poor lava dome extrusion periods (i.e. phases II and III
at SHV) can produce relatively large cores. This property may be related to the stability of the dome,
such that during a collapse event, if the core is easily penetrated (as in the case for an extensive core)
then the lava dome is more likely to collapse catastrophically.
• Lava domes may experience flow channelling due to the different mechanical properties between
the talus and core. Flow channelling could promote a relatively narrow core within the lava dome,
making the structure relatively more stable than for a dome with a laterally extensive core.
Lava dome collapse events have been observed to be initiated during heavy rainfall, in which dome
collapse follows a trend of initial talus removal through to explosive activity. In our simplified model
it is possible to observe how this process may occur due to the volume distribution of talus within the
dome. That is, because the core of the lava dome is displaced laterally over talus material, if the talus
can be washed away from beneath the core via rainfall induced avalanches, then this could compromise
the stability of the dome leading to collapse. Carn et al. (2004) suggest that the mechanical erosion
of the talus via rainfall induced avalanches could allow the talus to efficiently be removed, meaning
that elaborate models requiring rainwater to peculate into the cracks on the dome surface and interact
with the core may be unnecessary during this collapse initiation period. In addition to this, seismic
swarms observed before rainfall induced collapse events may be generated from the removal of the
talus at the toe of the dome undermining of the core. There exist links between rockfalls and degassing
that suggest that rockfall seismic signals have a low frequency energy associated with gas resonance
(Luckett et al. 2002). These low frequency rockfalls have an important role to play in the period
before dome collapse, with rockfall energy increasing before collapse occurs. Such rockfalls may be
a consequence of talus adjustment reflecting the undermining of the dome. Therefore low frequency
signals may be increasing simply because talus is being eroded at deeper and deeper levels, exposing
gas-rich lava.
There was a tendency during phase II and III of the current eruption at SHV for lava domes to
grow to very large sizes before collapsing. This behaviour contrasts with the 95-99 lava domes which
had moderate to large collapse events more frequently (Cald
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the eruption has continued the extrusion rate and extruded lava morphology has fluctuated. However,
at the start of the eruption dome growth was dominated by crystal-rich structures emplaced at low
extrusion rates. This essentially corresponds to dome growth with a high crystallinity or high solidus
pressure in our computational models, resulting in a large talus volume fraction within the dome. This
structure would make the dome relatively stable, with collapse events unlikely to penetrate the core.
Also, the interior structure of crystal-rich lava domes are likely to be filled with shear fractures, which
could contribute to the instability of the dome and allow phase I collapse events to remain small but
frequent. At later times in the eruptive history of SHV lobe growth has become significant at higher
extrusion rates. The higher extrusion rates prevent as much crystal growth, which can be considered as
dome growth with a lower solidus pressure. Lobe growth can result in the generation of a significant
volume fraction of core. Such a scenario can make the dome more unstable, because less talus is
needed to be removed form the dome before the core is penetrated. It should also be noted that for
the computational models developed in this paper, for the higher extrusion rates modelled the core is
higher off the ground, meaning there is a larger volume of talus below the core, which could make it
easier for the rainwater to erode the talus.
Another process that is likely to be important in rainfall induced dome collapse, is rainfall capping
of the carapace (Elsworth et al. 2004). Pressure can build-up due to effusive gas becoming trapped by
a rain-saturated dome carapace. In this case collapse is initiated in the later stages of heavy rainfall
and produces a significant and rapid increase in rockfall-induced seismicity corresponding to rapid
dome collapse. A difference in vigour of dome collapse could then determine whether collapse is due
to pressure build up (rapid collapse) or talus removal via erosion (slower collapse).
For models in which the yield surface is maintained throughout the majority (if not all) of the
simulation, flow channelling within the lava dome is observed. Such a process can be considered
somewhat exogenous, but without the development of shear bands. On 13 December 1996 a megaspine
broke through the centre of the lava dome on SHV. Watts et al. (2002) interpreted this growth as
endogenous and note that it took two to three weeks to traverse the full thickness of the dome. This
structure may be directly related to the process of flow channelling. Flow channelling within the dome
also may aid the transition to exogenous dome growth via strain localisation, and could generate such
structures as megaspines. Directing the lava flow vertically can increase the stability of the dome by
preventing large lateral spread of the core.
Herd et al. (2005) relate the large dome collapse experienced by the SHV on 12-13 July 2003
to the internal structure of the lava dome. They infer the internal structure from a series of images
obtained from a digital camera to obtain a cross-section though the dome showing the approximate
position of the talus. Their conceptual model predicts that an extensive talus surrounds the lava dome,
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although the interface between talus and dome core is not clear. From this they estimate that the talus
comprises over 50% of the total dome rock, with the maximum thickness adjacent to the dome core,
which is estimated to be 400 metres thick. Our model does not consider such a mature lava dome, but
our models results suggest that the talus volume can be extensive, and that the core/talus interaction is
complex. At another time during the dome growth history on SHV Watts et al. (2002) observed that
the dome surface features moved outwards and downwards due to loading from above and swelling
from within, suggesting that the displacement of the core is significant to the lava dome shape. This
was only observed for our models when the shear stress was below the yield strength, meaning that the
talus behaved viscously, or when a low solidus pressure was used which reflects the interior properties
of the dome at the surface. Such observational evidence suggests that the talus deforms viscously and
elastically.
Iverson (1989) assumed that the talus is mechanically decoupled from the dome system and can
therefore be added later for cosmetic purposes when calculating dome volume and radial extents.
That is, the talus is assumed to contribute no strength that affects the equilibrium of the dome and all
resistance is from the carapace. However, Huppert et al (1982) find that it is only possible model the
lava dome growth observed on St. Vincent 1979 for very high lava viscosities. Therefore adding a talus
to such models may allow the dome shape to be controlled, increasing the dome height and decreasing
the radial spread due to flow channelling, or decreasing the dome height and increasing lateral spread
due to talus adjustments.
For all of the models presented in this paper the core is never exposed to the free-surface. This
is a consequence of using a fixed solidus pressure and a realistic, but low, extrusion rate. For high
lava dome extrusion rates it may be possible for the dome core to become exposed and this will be
considered in future models. However for the purpose of this paper, assuming that the core is never
exposed is a reasonable assumption since it has already been noted that the core is at high temperatures
and pressure and exposure could cause explosive activity.
Although the model uses advanced and novel techniques, we are still a long way from having
a model that fully captures all the physics involved in lava dome growth, including modelling the
fine-scale detail. Exogenous dome growth forces the generation of shear structures and as shown in
this paper, flow channelling is possible in endogenous growth and therefore it may not be simple to
separate these two regimes of dome growth. However, the model presented in this paper brings us
closer to being able to address the question: What governs whether the collapse scar will reach the
core? What is now required is observational data on the internal structure of lava domes, such as
from photos of dome collapse scars. Then, combining the information from this model with a limit
equilibrium analysis would allow for a dynamic assessment of the stability of a lava dome.
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Table 1. Parameters used in the lava dome model.
Symbol Parameter Reference Value
aT Coefficient for Tsolid Melnik and Sparks (2005) 1252.2
bT Coefficient for Tsolid Melnik and Sparks (2005) -25.3
cT Coefficient for Tsolid Melnik and Sparks (2005) -11.9
dT Coefficient for Tsolid Melnik and Sparks (2005) 1.17
C Cohesion at zero pressure Simmonds et al. (2005) 0.1 - 1 M Pa
C Cohesion at zero pressure Voight (2000) 20kPa
τY Yield strength of Mount St.
Helens carapace
Murase et al (1984) 6 M Pa
σ Tensile strength of Mount
St. Helens carapace
Iverson (1989) 1-10 M Pa
θ Friction angle Simmons et al. (2005) 0 - 45◦ For entire lava dome
including talus.
θ Angle of respose for talus on
dome at SHV
Wadge et al. (2008) 33 - 42◦
ρl Density for lava Melnik and Sparks, (2005) 2350 kg m−3
ρa Density for air 0 kg m−3
a Conduit radius 15 m
ηl Viscosity of lava dome Melnik and Sparks (2005),
Hale and Mu¨hlhaus (2007),
Watts et al., (2002)
109 - 1014 Pa s
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Table 2. Range of parameters used in the lava dome model.
Symbol Parameter Range Reference Model
Q Extrusion rate 1.0 - 7.0 m3s−1 4 m3s−1
θ Friction angle of talus 30 - 45◦ 40◦
Ps Solidus pressure 0.2 M Pa - 1.0 M Pa 0.4 M Pa
τY Yield strength in talus 1 M Pa - 10 M Pa 5M Pa
ηl Viscosity of lava dome core 109 Pa s - 1011 Pa s 1010 Pa s
ηt Viscosity of lava dome talus 1010 Pa s - 1012 Pa s 1011 Pa s
